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Abstract
We present a four-point probe resistance measurement technique which uses four equivalent
current measuring units, resulting in minimal hardware requirements and corresponding sources
of noise. Local sample potentials are measured by a software feedback loop which adjusts the
corresponding tip voltage such that no current flows to the sample. The resulting tip voltage
is then equivalent to the sample potential at the tip position. We implement this measurement
method into a multi-tip scanning tunneling microscope setup such that potentials can also be
measured in tunneling contact, allowing in principle truly non-invasive four-probe measurements.
The resulting measurement capabilities are demonstrated for BiSbTe3 and Si(111)−(7×7) samples.
∗ Electronic mail: b.voigtlaender@fz-juelich.de
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I. INTRODUCTION
Four-terminal sensing and four-point probe methods are widely used measurement tech-
niques which allow to determine the electrical resistance of a sample [1]. In contrast to
classical two-terminal measurements, this technique eliminates lead and contact resistances
from measurements and thereby allows the precise measurement of resistances with high
accuracy. Originally proposed by F. Wenner for application in geophysics [2], today four-
probe measurements can be found in a wide range of applications including semiconductor
characterization [1]. Due to their high accuracy, four-probe measurements are often used in
fundamental research such as (low temperature) transport measurements where the sample
under investigation is typically contacted by lithographic contacts [3], monolithic four-point
probes [4–7] or a multi-tip scanning tunneling microscope (STM) [8–13]. In general, the
four-probe measurement setup consists of two biased contacts which inject a current into
the sample and two contacts which measure the resulting voltage drop across the sample,
e.g. by high ohmic volt meters [1, 8, 10]. The four-probe resistance of the sample is then
determined from the slope of the resulting four-probe I/V curve [8].
Previously reported implementations of four-probe measurements into a multi-tip STM
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FIG. 1. Schematic of a four-point measurement with tips of a multi-tip STM forming the contacts
on the sample surface. (left) A measurement setup, where each tip is connected to identical
electronics which can be switched between voltage and current measurement mode by a relay.
(right) A setup, where each tip is connected to identical biased current measurement electronics and
voltage measurements are performed via feedback loops. The complete four-probe measurement
setup results by mirroring at the central vertical dashed line, respectively. In both realizations, the
sample ground contact is connected to approach the tips to the sample and is disconnected during
the four-probe measurements.
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require two different kinds of electronics for current and voltage sensing, respectively [8]. As
a result, in order to approach the tips to the sample surface and to exchange contacts during
four-probe measurements, the tips have to be rewired to the different electronics in between
measurements. One approach to simplify this process is to use four instances of identical
electronics which can perform both, voltage and current measurements [8, 11] as shown in
Fig. 1 (left). The switching between the two measurement modes is then performed e.g. by
a relay [8, 11]. A drawback of this approach is, that it leads to bulky, complex electronics
and introduces additional noise to the measurements due to the additional circuitry.
An alternative way to measure local sample potentials in a STM is the scanning tunneling
potentiometry method [11, 14, 15]. In this method, the voltage applied to the tip is controlled
by a feedback loop, such that the current to the sample vanishes, i.e. the electrical potential
of the tip and the sample at the position of the tip are identical. The voltage resulting in a
vanishing current is then recorded as the local electric potential of the sample.
Here, we present a four-probe measurement implementation where voltage measurements
are performed by means of current measurement in combination with a software voltage
feedback loop. This approach requires only four identical, minimalistic, biased current
measurement units, as hardware voltage measurement circuitry and relays are redundant.
In the resulting setup, shown in Fig. 1 (right), current and voltage probes can be flexibly
exchanged without any rewiring. Furthermore, the voltage sensing can be performed in
tunneling contact such that truly non-invasive four-probe measurements become possible
which is advantageous e.g. for the characterization of fragile samples.
This paper organizes as follows. In Sec. II, we focus on one of the voltage probes
where we discuss different kinds of realizations of the voltage measurement. In Sec. III, we
determine the theoretical noise levels of the different voltage measurement realizations and
subsequently the entire four-probe measurement setup. In Sec. IV, we demonstrate four-
probe measurement capabilities on BiSbTe3 and Si(111)− (7× 7) samples under ultra-high
vacuum conditions. In Sec. V, further applications and improvements of the present setup
are discussed.
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FIG. 2. Schematic of the three voltage measurement techniques. Solid lines correspond to hard-
ware connections and dashed lines to software implementations. At the interfaces of hardware
and software realizations, analog-to-digital and digital-to-analog converters transform the signals
accordingly (not shown). (a) Schematic of the voltage follower implementation with the tip in
direct contact with the sample surface. The local sample potential Vlocal is directly passed to the
output of the voltage follower circuit and into the software. (b) Schematic of the software voltage
feedback implementation which continuously adjusts the current through the tip to 0 A (such that
Vbias = Vlocal) in direct contact to the sample surface. (c) Schematic of the working principle of the
voltage feedback. The tip voltage Vbias is adjusted to the local sample potential Vlocal for a feedback
duration tfb. The bandwidth of the feedback loop is ∆f , which we determine as the decrease of
Vbias−Vlocal by 1−e−1 ≈ 63.2% in the time interval τ = 1/(2pi∆f). (d) Schematic of the tunneling
voltage feedback implementation in which the software alternatingly performs topography feedback
(setpoint I = Iset) and voltage feedback (setpoint I = 0 A) on the timescale of ms.
II. METHODS
The experimental setup used here is a home-built room temperature four-tip STM with
electrochemically etched tungsten tips. Further details on the experimental setup can be
found in Refs. 16 and 17. In this setup, we compare different four-probe measurement
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methods in which the voltage measurement is realized in three different ways (A) to (C).
A. Voltage follower
In this voltage measurement method, the voltage sensing tip is connected to a typical
voltage follower circuit, as used in previous setups [8] and as shown schematically in Fig.
2 (a). The tip is brought into direct contact to the sample by approaching it towards the
sample surface by a few nm out of the tunneling contact as described elsewhere [8, 18]. The
resulting junction resistance between the tip and the sample typically is in the range of kΩ
to MΩ. The local sample voltage at the position of the tip Vlocal is measured by a high
input-impedance buffer circuit before the signal is read into the measurement software via
an analog-to-digital converter (ADC). Between the voltage follower circuit and the ADC a
low-pass filter can be used to adjust the measurement bandwidth ∆f in order to reduce the
measurement noise.
B. Voltage feedback
This approach is based on the measurement of the voltage by nulling the current flowing
between the tip and sample, similar to standard methods for measuring voltages with high
precision [19]. As in the voltage follower application, the voltage sensing tip is in direct
contact to the sample surface but is only connected to a biased transimpedance (current)
amplifier. A schematic of the setup is shown in Fig. 2 (b). The voltage sensing is performed
by a proportional-integral software feedback loop, similar to the topography feedback loop
typically used in STM. For this purpose, the amount of current through the tip at a certain
tip bias voltage Vbias is read into the measurement software via an ADC converter and the
feedback loop nulls the tip-sample current by continuously adjusting Vbias via a digital-to-
analog converter (DAC) connected to the Vbias input of that tip, until Vbias = Vlocal [11, 15].
The measurement noise bandwidth in this implementation is given by the bandwidth of
the feedback loop, which we determine as the time interval τ = 1/(2pi∆f) in which the
difference between currently applied tip voltage and target local sample voltage Vbias−Vlocal
decreases by 1−e−1 ≈ 63.2%, similar to an RC circuit (Fig. 2 (c)). ∆f can be determined by
applying a sine signal to the input of the closed feedback loop and tuning its frequency until
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a damping of −3 dB is observed. At this point the sine frequency corresponds to ∆f . Note
that the resulting feedback duration tfb which is required for the feedback loop to converge
below the noise threshold is typically larger than τ and depends on the initial difference of
the two signals Vbias − Vlocal.
C. Tunneling voltage feedback
This method is a special case of (B), where the voltage sensing tip is in tunneling contact
rather than direct contact. A challenge in the measurement of the local sample voltage
in tunneling contact is that, both the topography feedback and voltage measurement are
entangled by their concurrent use of the tunneling current as the process variable [11]. One
solution for this problem is the temporary stopping the topography feedback during the mea-
surement of the local sample potential. However, a deactivation of the topography feedback
results in the tip drifting towards or away from the sample on the time scale of less than a
second (at room temperature), resulting in a significant change of the junction resistance,
as the tunneling current depends exponentially on the tip-sample distance. Therefore, for
typical four-probe measurement durations of up to several minutes it is difficult to hold the
tip in tunneling contact throughout the measurement. For this reason, also the measurement
of the local sample potential in tunneling contact with a voltage follower is impractical.
The alternating feedback technique [11, 15] overcomes this problem. In this method,
the STM control software performs alternatingly topography and voltage feedback on the
timescale of ms. The corresponding schematic setup is shown in Fig. 2 (d). In detail, the
tip height in tunneling contact is controlled such that a current set point Iset is maintained
at a fixed tunneling voltage Vbias = Vt. Then, for a time tfb, the topography feedback
is stopped (the tip is held at fixed height above the sample), while the tip voltage Vbias
is adjusted such that the tunneling current vanishes as described in the voltage feedback
method and shown in Fig. 2 (c). Afterwards the tunneling voltage Vbias = Vt is restored,
the topography feedback is re-enabled and the procedure is repeated. A drawback of this
method is that the switching between the two feedback loops takes up additional time
in comparison to methods (A) and (B). As a result, the fundamental noise level for the
same measurement duration increases in comparison to a measurement without alternating
feedback. However, the striking advantage of this method over previous methods is that
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the local sample potentials can be measured non-invasively and with the same minimalistic
electronics as in the voltage feedback implementation (B).
An alternative way to disentangle the topography and potential feedback in tunneling
contact include the use of a DC current component and an AC current component and
use them individually for the voltage and topography feedback, respectively [14, 20, 21].
However, this method requires additional circuitry and is reported to be prone to cross-talk
between the AC and DC signal [22]. For this reason, we focus here only on the performance
of the voltage follower and alternating feedback techniques.
For comparison of the different measurement techniques (A) through (C) we connect
each of the four tips to one of four instances of equivalent electronics including a relay
which can switch between a voltage follower circuitry (based on OPA111) and a biased
commercial FEMTO DLPCA-200 variable gain transimpedance amplifier [23] to measure
the currents with adjustable measurement range. Typically, the gain of the current injecting
tips is 106 V/A, while that of the voltage sensing tips in the voltage feedback techniques
is 109 V/A. For the voltage feedback techniques, we further use voltage dividers of up to
1/1000 in front of the bias voltage connector of the voltage sensing tip’s electronics, in order
to increase the voltage feedback accuracy which can otherwise be limited by the minimum
step size of the DAC and noise in the Vbias signal. The resulting voltage feedback resolution
of the present setup is readily in the µV range [11, 12].
III. NOISE ANALYSIS
To compare the individual voltage measurement methods, we use in the following a
measurement bandwidth of ∆f = 275 Hz, which is smaller than the bandwidth of the used
current amplifier and voltage follower circuits, respectively. A general limitation of the
voltage measurement accuracy is given by the junction resistance Rj between the probes
and the sample. On the one hand, the thermal (Johnson) noise of the tip-sample junction
is given by [24]
VJohnson =
√
4kBT∆fRj,
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FIG. 3. Detector noise Vdetector of voltage follower (dashed blue line) and voltage feedback (dashed
red line) circuitry and resulting respective noise limit Vlimit (solid lines) in combination with John-
son noise, as a function of the junction resistance Rj for detector bandwidths of ∆f = 275 Hz.
For large junction resistances Rj & 1 GΩ the noise level of both, the voltage follower and voltage
feedback method, is too large for typical four-probe measurements V & 100 µV. At intermediate
junction resistances 100 kΩ . Rj . 1 GΩ the noise performance of both implementations is dom-
inated by the Johnson noise resulting in approximately the same noise level. For small junction
resistances Rj . 100 kΩ the noise level of the voltage follower circuit converges to the fundamental
input noise level of the used opamp (dashed blue line). For the voltage feedback, the noise level
continuously decreases as the junction resistance is further lowered resulting in a lower noise level
compared to the voltage follower.
where kB is the Boltzmann constant and T = 300 K is the junction temperature. Addition-
ally, large junction resistances result in a smaller lateral current injected into the sample
which decreases the signal-to-noise ratio with respect to the detector noise floor. In the case
of the voltage follower circuit (A), the detector noise is given by [24]
Vdetector = V˜detector
√
∆f,
where V˜detector = 15 nV/
√
Hz is the input noise density of the OPA111. The resulting total
voltage noise at the tip-sample junction is given by
Vlimit =
√
V 2Johnson + V
2
detector.
On the other hand, the detector noise limit of the voltage feedback techniques (B) and
(C) is limited by the input current noise of the current amplifier I˜detector(gain = 10
9 V/A) =
8
4.3 fA/
√
Hz. Resulting from the current noise in combination with the junction resistance
follows a corresponding voltage noise of [24]
Vdetector = I˜detectorRj︸ ︷︷ ︸
V˜detector
√
∆f.
In contrast to the voltage follower circuit, this noise limit depends also on the junction
resistance Rj, which means that for vanishing junction resistance, the voltage noise Vlimit
goes to zero.
Figure 3 shows a plot of the theoretical noise limit of the present voltage follower and
voltage feedback circuitry as a function of the junction resistance Rj and at ∆f = 275 Hz.
As evident in the graph, for large junction resistances Rj & 1 GΩ the noise level of both,
the voltage follower and feedback method, is too large for typical four-probe measurements
Vlimit & 100 µV. At intermediate junction resistances 100 kΩ . Rj . 1 GΩ the noise level of
both implementations is almost identical as it is dominated by the Johnson noise and is in
an acceptable range for most applications. For small junction resistances Rj . 100 kΩ, the
voltage follower approaches the constant noise limit of the OPA111, while the noise level of
the voltage feedback technique further decreases. We conclude that for high accuracy mea-
surements, the voltage feedback technique is superior to the voltage follower implementation.
A way to further increase the measurement accuracy is an averaging of the measurement
signals over a time interval larger than the measurement bandwidth. Hereby, the statistical
noise decreases as ∼ 1/√t with the measurement duration t. However, this is only true
if the measurement setup itself is stable. In real measurements, thermal drift and fluctu-
ations in the contacts, e.g. due to electromigration, can have significant influence on Rj
and thus on the noise in the four-probe measurement. As a result, for t > 1/(2pi∆f) it can
be expected that the noise will first go down with 1/
√
t due to the increased averaging of
the statistical noise before it starts to deviate from this behavior as the measurement time
becomes longer than the time constant on which the measurement setup is stable. The
latter can largely depend on the sample under investigation, the exact measurement setup,
the tip material and the voltage measurement method used. In typical four-tip setups, the
tips are mounted under 45◦ angle with respect to the sample surface, such that contacting
the tip to the sample surface results in a flexible junction between the sample and the
elastic tip. As a result, in direct contact, drift does not have such a significant effect on
9
the four-probe measurement as the junction resistance does not change significantly during
typical measurement durations. In the alternating feedback technique, on the other hand,
the separation between voltage sensing tip and sample is continuously controlled by the al-
ternating feedback, such that the drift for all of the present techniques should be comparable.
To determine the noise level of the full four-probe I/V measurement, in principle both
the noise of the measured injected current I and the voltage drop V have to be considered.
However, the Johnson noise occurring at the current injecting contacts correspond to fluc-
tuations in the contact resistances which do not play a role in four-probe measurements.
As a result, the error in the measurement of the injected current is only determined by the
detector noise which in the present setup is below
Idetector = I˜detector(gain = 10
6 V/A) ·
√
∆f ≈ 2.2 pA.
As typical injected currents are at least∼ nA, the voltage measurement noise is the dominant
source of noise in the four-probe measurements.
IV. FOUR-PROBE MEASUREMENTS
In the four-probe measurements, we record a fixed number of data points (e.g. 1000) for
each I/V curve and record the voltage drop for each increment of injected current. The
resulting four-probe resistance R4P is determined by a linear fit to the data around 0 A and
for a two-dimensional conductor is independent of the tip spacing when measured with an
equidistant tip-tip separation [1]. The corresponding sample sheet conductivity is
σ2D =
ln(2)
R4Ppi
.
As errors in the positioning of the tips can have a large influence on the measured conductiv-
ity [25], for the comparison of the different techniques we have performed each measurement
without repositioning the tips between the individual measurements on each sample. As a
result, positioning errors can be excluded from the comparison of the different measurements
as they only influence the absolute resistance measured but not the relative errors which we
will compare in the following.
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FIG. 4. (a) Equidistant four-probe I/V of BiSbTe3 measured by tunneling voltage feedback (mea-
surement duration t = 15 s) with a linear fit. (b) Error of the resistance measurement relative to
the measured resistance for the three different measurement techniques and for different measuring
durations on BiSbTe3. The dashed lines correspond to the expected behavior of statistical noise
∼ 1/√t. For shorter measurement durations, the voltage feedback does not fully converge, result-
ing in additional measurement errors while for longer measuring durations (> 30 s) variations in
the tip contacts increase the error in the data.
A. BiSbTe3
We first demonstrate four-probe measurements using the different voltage measurement
techniques on a 10 nm thin film of BiSbTe3. The sample was grown on Si(111) by molecular-
beam epitaxy and was exposed to air prior to the analysis in the four-tip STM chamber [12].
The result of an equidistant four-probe measurement on the BiSbTe3 film using the tunneling
voltage feedback technique and a measurement duration t = 15 s is shown in Fig. 4 (a). The
linear fit results in R4P = 1210(2) Ω and therefore σ2D = 0.1823(3) mS/, corresponding to
a relative error of 0.17%. The comparison of the relative errors for the different measurement
durations and techniques is shown in Fig. 4 (b). We find that the data of the tunneling
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voltage feedback measurements shows generally a higher noise level compared to the other
two methods, which have comparable noise levels. We attribute this finding to the larger
junction resistance of the tunneling contact in comparison to the other measurement methods
in combination with smaller averaging duration during the measurement as result of the
alternating feedback. In the same graph, we have also plotted dashed lines corresponding to
a ∼ 1/√t behavior for each of the three methods which represents the theoretical dependence
of statistical noise on the tunneling resistance and which describe the data quite well. We
attribute this observation to the fact that the sample is quite soft and therefore the contacts
of the tips with the sample are rather stable such that the combined Johnson and amplifier
noise is the dominant source of noise for 0.5 s ≤ t ≤ 30 s. For t < 0.5 s, the data points
of the voltage feedback measurement deviate from the graph of the statistical noise. In
this range, due to the short measurement duration the voltage feedback loop does not fully
converge to each new value of Vlocal as the lateral current is swept, resulting in additional
errors in the measurements. For t > 30 s, we find that measurement instabilities begin to
increase the measurement errors above the expected statistical error behavior. We estimate
the junction resistances of the current injecting tips from the difference of the measured
2D sheet conductivity in comparison to the current/voltage characteristics at the current
injecting tips to be Rj ≈ 9 kΩ. The junction resistance for the tunneling voltage feedback is
Rj ≈ 40 MΩ
B. Si(111)− (7× 7)
We further applied the different four-probe measurement techniques to the Si(111) −
(7 × 7) surface. The transport properties of this surface have been under recent discussion
because earlier results on its surface conductivity varied largely as a result of numerous
different measurement and sample preparation procedures [4]. One way to measure the
surface conductivity is to determine the two-dimensional contribution in distance-dependent
four-probe measurements [5, 9, 11, 26]. Fig. 5 (a) shows a typical four-probe measurement on
this surface in tunneling voltage feedback mode. The linear fit results in R4P = 57.85(8) kΩ
corresponding to σ2D = 3.814(5)·10−6 S/. This result is in general agreement with previous
measurements on the same samples which used the voltage follower method [10]. For a more
detailed comparison, Fig. 5 (b) shows the noise levels for the three different techniques and
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FIG. 5. (a) Equidistant four-probe I/V of Si(111)−(7×7) measured by tunneling voltage feedback
(measurement duration t = 15 s) with a linear fit. (b) Relative noise of the different measurement
techniques for different measuring durations t on Si(111)− (7× 7). The dashed lines correspond to
the average constant noise levels of the three measurement techniques. For shorter measurement
durations the limited bandwidth of the voltage feedback based techniques increases the measure-
ment error.
at varying measurement duration on the same sample without repositioning the tips. While
there are deviations for short measurement durations t < 0.5 s which are again the result
of the voltage feedback loop not fully converging, especially in tunneling contact, we find
that noise level of the three different techniques approximately coincide for measurement
durations t ≥ 0.5 s. In this range, the data shows rather constant noise levels for all three
techniques, which means that the larger amount of noise resulting from the tunneling contact
of the voltage probe in contrast to the voltage measurement in direct contact is insignificant
under the present measurement conditions. We explain this finding to be due to large
fluctuations in the tip contacts during the measurements resulting from the hard sample
surface and non-linearities in the four-probe I/V curves which dominate the noise in the
13
sample
II
Voltage feedback
FIG. 6. Schematic of the most simple four-point probe measurement setup using the voltage
feedback technique. The current through the sample is injected between a tip connected to a biased
current sensor and a tip on ground potential. The voltage drop across the sample is determined
by the two inner tips which are connected to a biased current sensor which nulls the current
between the voltage sensing tips. The voltage required to compensate the current through the tips
corresponds to the voltage drop across the sample surface between the two contact points of the
voltage sensing tips.
measurements. We estimate the junction resistance of the current injecting tips in contact
to be Rj ≈ 200 kΩ. In comparison, the junction resistance of the tunneling tip in the present
case is Rj ≈ 20 MΩ.
V. DISCUSSION
The most simple measurement setup of a four-point measurement resulting from the
voltage feedback method is shown in Fig. 6. Here, only two current measurement units are
required, one to inject the lateral current to another tip on ground potential and the other
to null the current between the two voltage sensing tips. The resulting voltage at which no
current flows through the voltage sensing tips corresponds to the voltage drop across the
sample surface between the respective contact points of the voltage sensing tips.
The present approach further allows to have all four tips required for the four-probe
measurement in tunneling contact to the sample, which enables truly non-invasive four-probe
measurements. For this application the only additional requirement is that the sample needs
to be on floating potential during the potential measurement and on fixed potential for the
topography feedbacks of the tips. While we have not yet implemented this approach into
the present setup, yet, it can be realized e.g. by switching of a relay connecting the sample
to ground synchronous with the topography feedback. Note that this relay would not result
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in much additional noise in the actual four-probe measurement because it is not located
in any of the current paths of the actual measurement. An alternative would again be the
use of an AC component for the topography feedback and a DC component for the actual
four-probe measurement. In this realization, to decouple the DC conductivity measurement,
the sample could be connected via a capacitor to a sine generator, which provides the AC
signal. We further propose that it is also possible to use a different mechanism for the
topography feedback, e.g. atomic force microscopy (AFM) based feedback, to maintain a
constant tip-sample distance while the potential measurement is continuously performed via
the tunneling current. The advantage of an AFM feedback to control the tip heights is that
the sample can be on floating potential throughout the entire measurement[27].
A general advantage of non-invasive four-probe measurements is that the damaging of
the samples and tips is greatly reduced compared to conventional four-probe measurements.
This is important because a change in the sample surface structure can significantly alter
its transport properties. While for the measurements shown in the present manuscript the
influence of tip contacting on the measured conductivity is negligible because of the spatial
extent of the samples, this aspect becomes more important for smaller and more fragile
nanostructures, e.g. monoatomic wires. Furthermore, for samples in the ballistic transport
regime especially the invasiveness of the voltage probes can have a significant influence on
the measured transport properties [28]. Using the tunneling voltage feedback technique one
can precisely control the invasiveness of these probes. Concerning the tip wear, conventional
four-probe measurements lead to a blunting and bending of the tips such that they have to
be exchanged regularly. In contrast, four-probe measurements in tunneling contact prevent
much of this wear and increase the tip lifetime significantly.
VI. CONCLUSION
We have demonstrated a multi-point probe implementation which uses equivalent mini-
malistic current sensors at each probe and where voltage measurements are performed by a
software voltage feedback loop. The resulting setup performance, under typical experimen-
tal conditions, is comparable to previous voltage follower setups, but with less complicated
electronics. As we have used here the same electronics for the comparison of the differ-
ent measurement methods, in the final application the noise level of the voltage feedback
15
techniques will be even lower than demonstrated here, when the electronics are reduced
to only the required biased current amplifiers. Nevertheless, we find that all of the above
measurement errors are small (≤ 1%) compared to other typical error sources in four-probe
measurements, especially the positioning errors of the tips which result in relative errors in
the measured conductivity of ∼ 10% [10, 25]. The implemented tunneling voltage feedback
technique further allows the non-invasive characterization of sample transport properties,
compatible with vacuum conditions, low temperatures, gating and magnetic fields which
makes it a powerful tool for future studies.
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